INTRODUCTION
The behavior of boron in arc volcanic rocks has received great attention because of its potential to trace the chemical flux to the mantle source of arc magma from the descending oceanic plate (Leeman and Sisson, 1996) , because of the enrichment of boron both in altered oceanic crust (AOC) and sea floor sediment (Ishikawa and Nakamura, 1993; Smith et al., 1995) , and because of its high fluid-mineral distribution coefficient during dehydration of the descending oceanic crust and sediment (Moran et al., 1992; Bebout et al., 1999) . Boron abundance and ratios of boron to other trace elements with similar melt-mineral distribution coefficients but much lower fluid-mineral distribution coefficients (e.g., B/Be and B/Nb) have been applied widely for estimation of study was undertaken to present the overall along-arc variation of the ratios of fluid-mobile elements including boron to fluid-immobile elements for volcanic rocks on the volcanic front of SVZ, and to evaluate the contribution of the slab-derived component to the magma source of SVZ.
GEOLOGY
The Andean arc, which extends > ca. 7,500 km along the western margin of South America, is divided into four volcanic regions: the Northern (NVZ), Central (CVZ), Southern (SVZ), and Austral (AVZ) Volcanic Zones Stern, 2004) . Names of volcanoes where analyzed samples were obtained are also shown. The inset shows locations of the main map (box). (Stern, 2004; Fig. 1) . The SVZ (33-46°S) is bordered by the Pampean volcanic gap corresponding to the subduction of the Juan Fernández Ridge to the north, and by the Patagonian volcanic gap marked by the Chile Triple Junction where the Chile Rise collides with the Taitao Peninsula to the east. The SVZ is a ca. 1400 km chain of more than 60 historically and potentially active volcanoes with numerous small eruptive centers (Stern, 2004; Stern et al., 2007) . SVZ is subdivided into the northern (NSVZ, 33-34.5°S), transitional (TSVZ, 34.5-37°S), central (CSVZ, , and southern (SSVZ, 41.5-46°S) segments (Stern, 2004 ; Fig. 1 ) based on petrographical and geochemical features of volcanic rocks and tectonic considerations (Futa and Stern, 1988; Tormay et al., 1991; López-Escobar et al., 1993; Hickey-Vargas et al., 2002) . The SVZ is formed by subduction of the Nazca plate (0-45 Ma) beneath the South American plate at a rate of 7-9 cm/yr in a direction of 22-30° NE, orthogonal to the Chile trench. The subduction angle increases southward from ca. 20° to >25° (Stern, 2004) . The thickness of the continental crust beneath the SVZ decreases southward. Crustal thickness of the NSVZ is inferred to be >55 km (Stern, 2004) . In the TSVZ, crustal thickness inferred from gravity data decreases from 55 km at 34.5°S to 35 km at 37°S (Hildreth and Moorbath, 1988) . For the CSVZ and SSVZ, south of 37°S, the crustal thickness is 30-35 km (Lowrie and Hey, 1981) . General correlation between the continental crust thickness and the predominant volcanic rocks has been demonstrated. In the NSVZ, where the continental crust is thick, the predominant magmatic products are andesites and dacites. In contrast, in CSVZ and SSVZ, basalts and basaltic andesites are prominent products (López-Escobar et al., 1993) .
Fig. 1. Index map of the Southern Volcanic Zones (modified from

METHODS
Sampling sites
Samples analyzed in this study were obtained from 13 volcanoes of SVZ: San José, Hornitos, Chillán, Lonquimay, Villarrica, Osorno, Huequi, Michinmahuida, Corcovad, Melimoyu, Mentolat, Cay, and Hudson, from north to south (Fig. 1) .
Two samples (012001aY and 012003aY) from the San José volcano in NSVZ are from upper Pleistocene lava flow on the western to northwestern skirt of the central crater of San José. Another two samples of San José (012005aY and 012103Y) were collected from upper Pleistocene to Holocene lava flows on the northern to western side of the central crater of San José (López-Escobar et al., 1985) .
Two basaltic samples (011304Y and 011306Y) from the Hornitos volcano in TSVZ are from a small cone on the southwest flank of Cerro Azul (Gonzalez-Ferran, 1994) . Chillán volcano is a volcanic cone of the Nevados de Chillán, a large composite stratovolcanic complex in TSVZ (Dixon et al., 1999) . We obtained two samples (011501Y and 011505Y) of Holocene dacite lava flow (LT5; Dixon et al., 1999) from the Chillán volcano.
Six samples of Lonquimay volcano in CSVZ were obtained from lava flow from the central cone of the volcano. Two samples (LON-29, and 40) were collected from lava flow of the 1988-1990 eruption on the northeastern flank of the Lonquimay stratocone (Naranjo et al., 1992) . We collected three samples (020506YA, 020602YA, and 020602YC) from Villarrica volcano in CSVZ. Sample 020506YA is from Pleistocene interglacial lava flow (Villarrica I; Hickey-Vargas et al., 1989) in the northern skirt of Villarrica volcano. Samples 020602YC (Villarrica II; Hickey-Vargas et al., 1989) and 020602YA (Villarrica III; Hickey-Vargas et al., 1989) , which were collected at NNE foothill of the volcano, respectively derive from post-glacial lava flow and 1984-eruption lava flow. Two samples (OSO-11 and 35) were obtained from Osorno volcano, a Late Pleistocene to recent composite stratovolcano in CSVZ (López-Escobar et al., 1992) . OSO-11 was collected from lava flow (Osorno3; López-Escobar et al., 1992) at the southern hillside of the summit. OSO-35 was taken from lava flow (Osorno2; López-Escobar et al., 1992) along the Rio Blanco in the northern skirt of Osorno volcano.
The samples from Huequi, Michinmahuida, Corcovad, Melimoyu, Mentolat, and Cay volcanoes in SSVZ (Heu-1, Mic-1, respectively) are the same as those from which López-Escobar et al. (1993) previously reported geochemical data with a brief petrographic description. Heu-1, Mic-1, and Cor-3 are andesite; the others are basalt in composition (López-Escobar et al., 1993) . From Hudson, the southernmost volcano of SSVZ, three samples (HD1E1, HD1F1, and H4) were analyzed. HD1E1 and HD1F1 are basalt obtained from terminal moraine of outlet glacier on NNE flank of the edifice, and H4 is a basaltic andesite from pyroclastic flow deposit forming a lower part of the SE caldera (Orihashi et al., 2004) . Petrographic descriptions and K-Ar ages of the Hudson samples were presented by Orihashi et al. (2004) .
Geochemical analytics
Major and selected trace elements (Rb, Sr, Y, Zr, Zn, Ga, Co, Cr, Ni, V, and Sc) contents were determined using an X-ray fluorescence spectrometer (PW-2510; Philips Co.) at the Earthquake Research Institute, The University of Tokyo, using 1:2 dilution glass beads. Details of the analytical procedures were described by Tani et al. (2002) . Other trace elements including rare earth elements (REEs) were analyzed using ICP-MS (VG Plasma Quad 3) with a frequency quintupled (λ = 213 nm) Nd at the Earthquake Research Institute, The University of Tokyo. Glass beads used for the XRF analysis also appropriated for laser ablation ICP-MS analysis. Element abundances were corrected internally using Sr concentrations determined from XRF analysis. Details of the analytical procedures followed those of Orihashi and Hirata (2003) .
Boron contents were determined using prompt γ-ray analysis (PGA) at the thermal neutron beam guide of the JRR-3M reactor, Japan Atomic Energy Agency (Yonezawa, 1993) . Powdered samples were dried for 24 h at 110°C. Disks (12 mm diameter, 2-3 mm thickness) containing about 0.7 g of the samples were created by cold pressing. The disks were heat-sealed in 25 mm-thick fluorinated ethylene propylene resin film. A Compton suppression PGA spectrum was accumulated for 1000-7000 s. Standards of the Geological Society of Japan JB1a and JB-2 were used for calibrating the B content determination. The count rate was corrected by Si factor (Si count rate divided by SiO 2 content of the sample) to exclude effects from the fluctuation of neutron flux and from the variation of sample geometry. Details of the analytical procedures were described by Sano et al. (1999) .
RESULTS
Overall major and trace element characteristics
Major and trace element compositions of volcanic rocks in SVZ obtained in this study are presented in Table 1. Most analyzed samples are medium-K basalt, basaltic andesite, andesite, and dacite in the K 2 O-SiO 2 diagram (Fig. 2) . Two andesites from SSVZ (Huequi and Mentolat) are within the low-K field, and samples from San José and Chillán are high-K andesite and dacite. N-MORB normalized incompatible element patterns are depicted in Fig. 3 . All of the SVZ volcanic rocks have negative Nb and Ta anomalies, general enrichments of the highly incompatible elements, and pronounced positive Pb concentration "spikes". All are features that are typically observed island arc volcanic rocks.
Boron contents of most SVZ volcanic rocks are 2.3-58.7 ppm, which is within the range of the boron concentrations of circum-Pacific island arc volcanic rocks (e.g., Morris et al., 1990) , and which shows marked enrichment relative to N-MORB and OIB (0.5 ppm and 1.1 ppm, respectively; Chaussidon and Marty, 1995) . Two dacites from Chillán volcano are highly enriched in boron (114.3 and 125.5 ppm).
Along-arc variations of boron and other predominately slab-derived trace elements
Enrichment of boron in island arc volcanic rocks has been interpreted as reflecting the addition of slab-derived component to the magma source .
Across-arc variation of boron contents has also been reported. High boron abundance in volcanic front lavas decreases across the arc (Ryan et al., 1995; Ishikawa and Tera, 1997; Miyoshi et al., 2008) . The continuous depletion of boron reflects the gradual depletion of volatiles and fluid-mobile elements during dehydration of the subducting slab (Ishikawa and Tera, 1997) . Our samples were obtained from the Quaternary volcanic front of SVZ. Therefore, we discuss the overall along-arc variation of boron and other incompatible elements.
In Fig. 4 , boron contents show a relation to latitude. In general, andesites and dacites are more enriched in boron than in either basalts or basaltic andesites. This fact implies that boron enrichment occurs during fractional crystallization process because boron is incompatible with main crystal phases in basaltic and andesitic magmas (e.g., olivine, plagioclase, pyroxene). Basalts and basaltic andesites in SSVZ are more depleted in boron than those in CSVZ and TSVZ.
Boron and other fluid mobile elements' abundance patterns strongly reflect slab-derived fluid inputs. However, they are affected by varying degrees of partial melting and crystal fractionation. To disentangle these effects, we determine the ratios of boron and other fluid-mobile elements to other elements with similar solid-melt distribution coefficients (Ds) but much lower apparent solidfluid Ds. Use of these element ratios can minimize the effects of processes (e.g., degree of partial melting and intra-crustal fractional crystallization) other than subduction modification of the mantle. In addition to boron, we adopt lead as a fluid-mobile element because a positive Pb concentration spike is prominent in N-MORB normal- Sun and McDonough (1989) .
Fig. 3. N-MORB normalized incompatible element patterns of the SVZ volcanic rocks. a) northern and transitional SVZ, b) central SVZ, and c) southern SVZ. Normalized values are referred from
ized incompatible element patterns (Fig. 3 ). In addition, Ba and K are adopted as fluid-mobile elements because enrichment of these elements is observed for most samples (Fig. 3) . We chose Nb and Zr as elements with similar solid-melt Ds but with much lower mobility than B, Ba, K, or Pb. Accordingly, in Fig. 5 , B/Nb, Ba/Nb, K/Nb, Pb/Nb, B/Zr, Ba/Zr, K/Zr, and Pb/Zr ratios are shown versus latitudes. Element ratios of N-MORB are also shown for comparison (Sun and McDonough, 1989; Chaussidon and Marty, 1995) . Analyzed samples of CSVZ include andesites, although it is notable that the ranges of these element ratios of andesites accord well with those of basalt/basaltic andesite. The element ratios are higher than those of N-MORB. However, B/Nb and B/Zr ratios of Hudson volcano samples in SSVZ are comparable to those of N-MORB. Element ratios of basalts and basaltic andesites in SSVZ are uniformly lower than those of CSVZ and TSVZ, except for Ba/Zr and K/Zr: the addition of fluid-mobile elements to the mantle wedge was greater for CSVZ and TSVZ than for SSVZ. The dissimilar patterns of Ba/Zr and K/ Zr might be ascribed to the greater difference of incompatibility of Ba and K from Zr than from Nb during the melting and crystal fractionation (Hoffman, 1988) . Andesite and dacite samples from San José volcano in NSVZ show lower element ratios than those for basalts and basaltic andesites in CSVZ and TSVZ.
DISCUSSION
Estimation of trace element contents of slab-derived fluid
To evaluate the contribution of slab-derived fluid to the magma source of SVZ, trace element contents in the fluid from subducting sediments and AOC were estimated using the method described by Sano et al. (2001) . Modelling was conducted for B, Ba, Pb, K, and Nb because element ratios of B/Nb, Ba/Nb, Pb/Nb, and K/Nb clearly reflect along-arc variation from SSVZ to CSVZ (Fig. 5) . Element contents of the fluid were obtained using the following formula: (bulk composition of sediment or AOC) × (mobility of the element)/(weight fraction of fluid). Mobility of elements during the dehydration experiments is expressed as shown below.
Therein, C STM and C RP respectively represent the concentration of an element in the starting material and in the run products (Kogiso et al., 1997) . Mobility data used in this model were obtained from the results of highpressure experiments for pelitic schists of high P/T metamorphic belt (Aizawa et al., 1999) and amphibolite (Kogiso et al., 1997) . The trace element composition of the average of ODP Leg 144 sediment (Kilian and Behrmann, 2003 ) was adopted to represent the composition of subducted sediments, except for boron. The ODP Leg 144 sediment samples were obtained from the sites drilled into the accretionary prism and its cover sediment on the Nazca plate north of the Chile Triple Junction (Behrmann et al., 1994) . For the boron contents of the sediments, averages of eight sediment samples from the sea floor near Chile Rise obtained by the Mirai MR08-06 cruise (see Supplementary Materials for details) were used. Trace element compositions of AOC were reported by Sano et al. (2001) and Kelley et al. (2003) . Boron contents of AOC were obtained from data compiled by Smith et al. (1995) . Weight fractions of fluid from subducted sediment and AOC were assumed to be 1.5 wt% (Kogiso et al., 1997) . The parameters used and results of the calculations are presented in Table 2 . A B/Nb vs. K/Nb plot with model calculation of bulk mixing among the depleted mantle, the sediment-derived fluid, and the AOC-derived fluid is shown in Fig. 6 . In spite of low B/Nb ratios, SSVZ samples show clearly higher K/Nb than those of depleted mantle. The high K/ Nb ratio of SSVZ volcanic rocks cannot be explained by addition of slab-derived fluid to the depleted mantle. The same results were obtained for B/Nb vs. Ba/Nb, and B/ Nb vs. Pb/Nb plots, which suggests that the mantle source of SSVZ volcanic rocks was metasomatized with higher K/Nb, Ba/Nb, and Pb/Nb ratios than those of depleted mantle.
The CSVZ samples are on the high B/Nb region, showing overall positive correlation between B/Nb and K/Nb ratios, which shows agreement with the trend formed by addition of slab-derived fluid to the magma source. Most CSVZ samples are of the K/Nb region higher than the 32  34  36  38  40  42  44  46  48   32  34  36  38  40  42  44  46  48  32  34  36  38  40  42  44  46  48   32  34  36  38  40  42  44  46  48  32  34  36  38  40  42  44  46 (Sun and McDonough, 1989; Chaussidon and Marty, 1995) are also shown for comparison. mixing line between depleted mantle and slab-derived fluids. Therefore, sub-arc mantle before addition of slabderived fluids shows a higher K/Nb ratio than those of depleted mantle.
Fig. 5. Plots of fluid-mobile/immobile element ratios of the volcanic rocks in SVZ for the along-arc transect. NMORB values of ratios
Inferring the magma source of CSVZ rocks
Previous geochemical studies of the CSVZ basalts and basaltic andesites (e.g., Futa and Stern, 1988; Gerlach et al., 1988; Hickey-Vargas et al., 1989) have shown that CSVZ basalts originated from melting of mantle wedge peridotite metasomatized by fluid from the subducted slab including sediment. This inference of origin is supported by the high B/Nb ratios of CSVZ rocks based on our fluid model. However, most CSVZ samples are also of a K/Nb region higher than the mixing line between depleted mantle and slab-derived fluids (Fig. 6) . In this section, candidates for sub-arc mantle with a higher K/Nb ratio than those of depleted mantle are examined. Hickey-Vargas et al. (2002) reported that basalts from small eruptive centers (SECs) near the Villarrica volcano in CSVZ are poorer in fluid mobile elements than nearby Villarrica volcano basalts. Depletion of particularly fluid mobile elements is readily apparent. The range of B/Nb ratios is limited to low values (0.41-4.86). Furthermore, ranges of Ba/Nb, Pb/Nb, and K/Nb ratios largely overlap those of CSVZ volcanic rocks. In addition, SEC basalts have small 10 Be/ 9 Be ratios and near unity ( 238 U/ 230 Th) activity, which indicates that these rocks are from subduction material stored in the mantle wedge for 0.35 to 3 m.y. In contrast, composite center basalts of Villarrica volcano with high 10 Be/ 9 Be ratios were derived from mantle sources rich in fluid mobile elements that had been transferred recently from the subducted slab (HickeyVargas et al., 2002) .
We therefore presumed the mantle composition estimated from the SEC basalts near Villarrica as equal to that of the mantle source of CSVZ before addition of slabderived fluids. The composition of basalt with the lowest B/Nb ratio is used to infer B, Nb, Ba, Pb, and K concentrations of the magma source in the mantle wedge assuming 15% batch melting of lherzolite mantle source (olivine 50%, orthopyroxene 30%, clinipyroxene 20%). Partition coefficients between the melt and minerals are referred from Ottolini et al. (2009) for boron, and from Tatsumi (2000) for other elements.
In Fig. 7 , mixing lines between the presumed CSVZ Sano et al. (2001) and Kelley et al. (2003) . b Contents of sediment are from Kilian and Behrmann (2003) . For boron content of sediment, see Supplementary Materials. c Contents of depleted mantle are from Wokrman and Hart (2005) . Boron content of depleted mantle is taken from Chaussidon and Marty (1995) . d Mobilities of AOC are from Kogiso et al. (1997) . e Mobilities of sediment are from Aizawa et al. (1999) . Workman and Hart (2005) and Chaussidon and Marty (1995) . Compositions of sediments are from Kilian and Behrmann (2003) . (Hickey-Vargas et al., 2002) (Johnson and Plank, 1999) , and sediment composition from Kilian and Behrmann (2003) . ratios. This inconsistency might be ascribed to the large uncertainty in AOC composition (e.g., Smith et al., 1995; Kogiso et al., 1997) . Additionally, SEC basalts used for inferring the CSVZ mantle source before addition of slabderived fluids can cause considerable variation in K/Nb and Pb/Nb ratio (Fig. 7) . Another uncertainty is the trench sediment composition. We used the trace element composition of sediment close to the Chile triple junction for the model calculation. However, to the north of 40°S, the late Paleozoic Coastal Batholith might provide trench sediment with distinct composition (Hervé et al., 2007) . For TSVZ volcanic rocks, dacites of the Chillán volcano are shown close to Lonquimay and Villarrica samples. Following our fluid addition model, the mantle source of Chillán volcano rocks was also metasomatized by slab-derived fluid, although it remains unclear whether felsic (SiO 2 = ca. 69 wt%) Chillán samples retain incompatible element ratios of primitive magma. Samples from Hornitos volcano with high Pb/Nb and K/Nb ratios, despite their moderately low B/Nb ratios, are inconsistent with our fluid model.
Fig. 6. Plots of B/Nb versus K/Nb of volcanic rocks in SVZ. Model calculations of mixing among the depleted mantle (DM), sediment-derived fluid, and AOC-derived fluid are also demonstrated. Compositions of the depleted mantle are from
It is notable that samples from San José volcano in NSVZ are also shown in the low B/Nb region close to SSVZ samples. The continental crust thickness in NSVZ is inferred as >55 km. Therefore, effects of crustal contamination on the magma are believed to be considerable (López-Escobar et al., 1985) . Moreover, our samples from San José are andesites and dacites with SiO 2 > 60%. Therefore, the effect of crystal fractionation on element ratios is greater than for more primitive lavas. Nevertheless, the 10 Be/ 9 Be ratios of sample from Villarrica and Osorno volcanoes are much higher than those from San José (Sigmarsson et al., 1990) . Our data are consistent with the generally recognized correlation between 10 Be/ 9 Be and B/ 9 Be for many island arc lavas including SVZ . These facts suggest that the contribution from recent dehydration of subducted sediment has been small for the San José mantle source. Alternatively, the material subducted below this region of the arc differs, including more terrigenous sediments (as in the SSVZ) or continental crust eroded tectonically from the continental margin by the subduction of the Juan Fernandez Ridge (Stern, 2004) . Hickey-Vargas et al. (2002) described two alternatives for the origin of the "older" mantle source of the small eruptive centers basalts, which is poor in fluid-mobile elements. One hypothesis is that the subduction component depleted in fluid-mobile elements was formed under hotter conditions than those which prevail now. However, reconstruction of the tectonic development of southern South America reveals that the Chile Triple Junction has moved northward at least during the last 10 Ma (e.g., Ramos and Kay, 1992) . Therefore, the subducting Nasca plate beneath the CSVZ has become younger (= hotter) during this period. The other hypothesis is that fluidmobile elements in water were expelled during the solidification process in the mantle wedge. A low B/Nb ratio despite the high Ba/Nb, Pb/Nb, and K/Nb ratios of Hornitos basalts (Fig. 7) might be explained by boron loss from the mantle source, which was suffered previously from addition of slab-derived fluid during similar processes such as those of the mantle source of small eruptive center basalts.
Estimation of the magma source of SSVZ rocks
Contamination of the slab derived component to the SSVZ mantle source has been discussed by D'Orazio et al. (2003) based on geochemical data of Cay and Maca volcanoes. They suggested that addition of small amounts (<1%) of both bulk sediment and slab-derived fluid to the depleted mantle is attributable to the mantle source of the Cay and Maca volcanoes. However, Kilian and Behrmann (2003) ruled out the slab-derived fluid as a possible contaminant of the mantle source because of the moderately low U/Th ratio of basalt in SSVZ. They also estimated that the mantle source of SSVZ basalt was contaminated by 3-5% of terrigenous sediment melt based on the mixing calculation of Pb-Sr-Nd isotopes. The low B/Nb ratios of SSVZ samples cannot reflect contamination by slab fluids. Therefore, the plausible slab-derived contamination agency is sediment melt, as suggested by Kilian and Behrmann (2003) .
Assuming batch melting, the K, Ba, Pb, and Nb contents of sediment melt were calculated to estimate the mantle source composition of SSVZ. For sediment composition, we also adopted the average of ODP Leg 144 sediment (Kilian and Behrmann, 2003) . Solid-melt bulk distribution coefficients (Ds) and the degree of melting (=0.26) were referred from results of high-pressure experiments reported by Johnson and Plank (1999) . The K/ Nb, Ba/Nb, and Pb/Nb ratios of the mantle source obtained by 3% addition of calculated melt to depleted mantle, as estimated by Kilian and Behrmann (2003) , are well within the range of SSVZ basalts and basaltic andesites.
The bulk distribution coefficient of boron during the melting of sediment remains uncertain, but boron behaves as a moderately incompatible element in silicic rocks (Leeman and Sisson, 1996) . Assuming that the Ds of boron is similar to that of niobium, then the B/Nb ratio of sediment melt, which is close to those of bulk sediment (=6.37), would considerably raise the B/Nb ratio of the mantle source. To explain the low B/Nb ratio of the SSVZ volcanic rocks, a lower B/Nb ratio is needed for the melt composition of the sediment on the subducting slab. One process to explain the low B/Nb is removal of boron by subtraction of H 2 O-rich fluids from subducting sediments during progressive devolatilization. The concentrations, particularly of fluid mobile elements such as B, Cs, As, and Sb in arc lavas from warmer subduction zones, are lower than those from cooler subduction zones (Bebout et al., 1999; Morris and Ryan, 2003) . Indeed, in subduction zones where the prograde metamorphic P-T path passes through epidote-blueschist facies or higher T/P facies, considerable loss of B and Cs from subducting sediments is expected at depths shallower than ca. 45 km (Bebout, 2007) . The degree of removal of boron in the forearc is uncertain. Therefore, we simply assumed that B/Nb ratio of the mantle source with 3% addition of sediment melt to depleted mantle equals the average B/Nb ratio of eight basalt/basaltic andesites of SSVZ (=1.11). In this case, the calculated B/Nb ratio of the sediment melt is 1.63. Assuming that the Ds of boron is equal to that of niobium, the boron concentration of sediment before melting is calculated as 14 ppm. This boron concentration is comparable to those of sediments that have undergone a loss of boron during subduction zone metamorphism. For example, Bebout et al. (1999) demonstrated that the mean boron concentration of metasediments of Catalina Schist, California decrease from 92 ppm for lawsonite-albite facies rocks to 15 ppm for amphibolitegrade equivalents. In Fig. 7 , the estimated sediment melt composition (point M) and mantle source (point B) obtained by 3% bulk mixing of melt to depleted mantle are shown. Plots of samples from SSVZ show considerable scattering, although their B/Nb, Ba/Nb, Pb/Nb, and K/ Nb ratios are plotted close to the mixing lines of the depleted mantle and estimated sediment melt. The age of subducting plate beneath the SSVZ is young (<10 Ma). Therefore, melting of the cover sediment on the subducting plate is plausible. However, the contribution of slab-derived melt from the mantle source is limited, as inferred from the fact that depletion of heavy REEs is not observed for SSVZ (Fig. 3) .
CONCLUSIONS
Volcanic rocks of the SVZ generally bear the geochemical signature of arc magmas. Based on the model calculation of trace element composition including boron of the slab-derived fluid, the mantle source of CSVZ volcanic rocks is metasomatized AOC-derived and sediment-derived fluids. In contrast, the mantle source of the SSVZ volcanic rocks with low B/Nb ratios was metasomatized by the melt of sediment that had undergone a loss of boron during subduction zone metamorphism at a shallower level. This contrasting feature might reflect thermal conditions beneath the arc, depending on the age of the subducting oceanic plate.
